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Summary: Traditional empirical methods of designing railway track rely on simplistic impact factor methods that 
crudely represent the complex dynamic behaviour of track and train interaction and of the defects that give rise to damaging 
forces. Various analytical models have been developed around the world to help the track design engineer better understand the 
consequences of variations and innovations in track design. The creators of six recently developed models from Canada, 
China, Germany, Sweden, USA and UK were invited to participate in a benchmarking exercise to allow comparison of the 
operation, outputs and applicability of those models. Although detailed instructions were given to the benchmark participants, 
variations in interpretation, complexity and underlying theory of each model led to differences in outputs. This paper provides 
some guidance in interpreting these differences and compares the results to those obtained from traditional design processes. 
 
Index Terms: Railway Track, Dynamic Analysis, Models 
 
 
1.  INTRODUCTION 
 
In an increasingly competitive and technology driven 
environment, railway track owners want to squeeze as 
much out of their asset as possible. The pressure is on the 
track design engineer to fine tune track components to 
allow the existing asset to withstand higher axle loads and 
train speeds without significant reconstruction and capital 
investment.  
 
The challenge lies in understanding the complex dynamic 
interaction between track and a passing train, which is 
non-linear and highly interdependent. The intricacies of 
this behaviour are not known to most track design 
engineers, so using dynamic models provides a way to 
better understand the effects of changes in track 
components, materials or the traffic task.  
 
Computer models of track and train dynamic behaviour 
can be very sophisticated and are capable of quantifying 
the effects of train speed, traffic mix, wheel impact loading 
and distribution of vehicle loads into the track. By 
analysing the railway track structure using realistic track 
simulation models, more informed economic and design 
decisions could be made. 
 
The work presented in this paper forms one part of a 
railway research project supported by the Cooperative 
Research Centre for Railway Engineering and 
Technologies (Rail CRC) in Australia. The broad aim of 
this Rail CRC project is to help rail track owners make 
more cost-effective use of their asset through improved 
knowledge of track behaviour under static and dynamic 
loading and in particular through more realistic processes 
of analysis and design of concrete sleepers. Part of that 
project was to conduct a series of international 
benchmarking exercises so the performance and outputs of 
a number of international dynamic models could be 
compared. The results obtained were to be evaluated 
against a traditional empirical track design process and in 
future benchmarking using real track data. 
 
2. DYNAMIC ANALYSIS OF RAILWAY 
TRACK USING MODELS 
 
The principal function of a railway track dynamic analysis 
model is to couple the components of the vehicle and track 
structure to each other so that their complex interactions 
are properly represented. Thus the effect of traffic load on 
stresses, strains and deformations in the components of the 
railway system may be determined.. 
 
Mechanical properties such as mass, moment of inertia, 
damping and elasticity of the vehicle and track 
components, form essential input for the models. Many of 
the components in railway tracks are made of materials 
with complicated constitutive relationships. Establishing 
the properties of rail pads, ballast and formation, for 
example, is particularly difficult due to their non-linear 
nature. Furthermore, the behaviour of these components 
could be dependent upon magnitude of load, passage of 
time or frequency of excitation and pre-load.  
 
In a typical model, the entire system of railway 
components is divided into three main subsystems: the 
vehicle; wheel/rail contact; and the track. It is common for 
the behaviours of these dynamic subsystems to have 
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different relative merit in a given model. For example, a 
model may include either a complex vehicle subsystem 
together with a simple representation of track or a simple 
vehicle with a complex track subsystem. 
 
A good guiding rule for those constructing models or those 
attempting to choose a model to use in track analysis was 
given by Popp et al [1] who stated, “Models should be as 
simple as possible and as accurate as necessary regarding 
the task they serve”. Grassie [2] commented that it was 
questionable whether the sophistication of some models 
was necessary in view not only of the relative ignorance 
which exists about the physical behaviour of certain 
components such as ballast and rail pads, but also of the 
often wide variability of typical track.  
 
3.  BENCHMARK TEST 
 
In 1994, Grassie [2] described a benchmark test which 
allowed railway track design engineers to see whether the 
calculations of one model of track dynamic behaviour 
agreed with the calculations of others when the inputs 
were rigorously stipulated. Since that time a significant 
number of models have been created that allow more in-
depth analysis and better representation of the railway 
track, especially its non-linear characteristics.  
 
Consequently a series of new benchmark tests was 
initiated by the authors in 2003 to provide track design 
engineers an insight into the use of models of railway track 
dynamics and an understanding of the limitations and 
strengths of such models. 
 
Many railway research organisations were approached to 
participate in the new benchmark test. Table 1 lists the 
participants of the test and also various references detailing 
the models. The tests were specifically directed at models 
that could analyse the railway track in the vertical plane 
and in particular assess the flexural behaviour of sleepers.  
 
Table 1 
Benchmark Participants 
Model Name Research Organisation Ref. 
DARTS DynTrack Systems, USA [3] 
DIFF CHARMEC, Sweden [4] 
NUCARS™ AAR, TTCI, USA [5] 
SUBTTI Technical University of Berlin, Germany [6] 
TRACK* Stuart Grassie Engineering Solutions, UK [7] 
VICT Southwest Jiaotong University, China [8] 
 
TRACK (Track Design v3.4) and NUCARS™ (v2004) 
were the only models commercially available for purchase. 
DARTS was recently extended to include a user-friendly 
interface [9] and is planned to be used in future Rail CRC 
research projects. The other models have been used 
extensively by their respective research organisations. 
 
The models had a range of complexity, from TRACK, 
which models just one wheel on a symmetric railway 
track, to NUCARSTM which allows three-dimensional 
analysis of the whole vehicle and various layers of the 
track. Therefore the benchmark provided a good 
opportunity to compare the merit of having complex or 
simple models. Some examination of the models is given 
in following sections. However, there is insufficient space 
in this paper to present a detailed scrutiny of each of the 
models in the benchmark, nor of all aspects of the 
extensive benchmark specifications and parameters; 
instead, full details of models and specifications can be 
found in Steffens [9]. 
 
3.1 Vehicle Submodel Description 
 
For simplicity in the present benchmarking exercise, the 
passenger vehicle described in the 1998 Manchester 
vehicle exercise [10] was used. The vehicle (see Table 2) 
was a general passenger coach with two bogies and simple 
primary and secondary suspension.  
 
Table 2 
Description of the Vehicle Submodel 
Component Description 
Vehicle Manchester Benchmark [10] 
Wheel Profile European S1002 
Vehicle Speed 160 km/h 
 
The vehicle model was symmetric and all bodies were 
assumed rigid. A passenger vehicle travelling at 160 km/h 
on concrete sleepered, ballasted track was chosen. This 
vehicle sub-model was an accepted yardstick by which 
international evaluations had previously been established 
[10].  
 
Passenger vehicles have relatively light axle loads. 
Consequenlty, heavier axle load freight vehicles have been 
adopted in a further benchmark exercise, which was being 
undertaken at the time of writing. The comparisons 
described between the models in this paper are expected to 
be unchanged when considering heavier vehicles, 
especially as the track structure chosen for the benchmark 
was representative of heavy haul conditions (see Table 3). 
 
3.2  Track Submodel Description 
 
Standard gauge (1435 mm) ballasted railway track was 
chosen, together with a subballast (capping) layer over the 
formation (subgrade). As a European passenger coach was 
used in the benchmark tests, UIC 60kg/m rail was chosen 
to eliminate any conflicts at the wheel/rail interface. Table 
3 details the various components of the track structure. 
 
Table 3 
Description of the Track Submodel 
Component Description 
Rail UIC 60 kg/m 1435 mm gauge (1505 mm rail centres) 
Fastener Pandrol ‘e’ 2003 clip  
Rail Pad 7.5 mm HDPE with insulation 
Sleeper Concrete 30 tonne axle load (tal) rated  610 mm spacing 
Ballast 250 mm below the sleeper base (53 mm sound basaltic rock) 
Subballast 150 mm (scoria crushed rock) 
Formation Medium Stiffness 
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3.3 Surface Irregularity Description 
 
Two of the most common track irregularities investigated 
by track design engineers were chosen for benchmarking: 
a wheel with a worn flat spot; and a dipped rail joint. 
 
Simulation of these irregularities helped identify how the 
models handle non-linear reactions throughout the track 
structure. For example, it would show whether non-linear 
‘lift-off’ was considered at the interfaces between wheel 
and rail, rail pad and sleeper, and sleeper and ballast. 
 
Because of space limitations, only results from the dipped 
rail joint case are reported in this paper. The typical 
method used by railway organisations to define a dip in 
track is to describe its depth over a one metre length of rail 
(Figure 1). It was left to the participants of the benchmark 
test to decide how best to represent this definition in their 
models. Participants were instructed that outputs should be 
provided at points in the track vertically in line with the 
centre of ‘Sleeper A’. 
 
Figure 1  
Dipped Rail Joint Irregularity for Simulation 
 
 L = 1000 mm  (total length of Irregularity) 
 d = 3.5 mm (depth of dip) 
    
4. PARTICIPANT INTERPRETATION AND 
MODEL CAPABILITIES 
 
Due to the variation in theoretical basis and in practical 
operation of the models, each participant interpreted the 
benchmark instructions in a slightly different way. The 
simpler models lumped parameters together, such as 
representing ballast, subballast and subgrade as a single 
element. For the more complex models, even though the 
instructions were detailed and rigorous, it was found that 
some assumptions about input data were still needed to be 
made by the participants.  
 
Although ‘Sleeper A’ in Figure 1 was specified as the 
location of interest, the position of ‘Sleeper A’ within the 
length of track simulated in each model was left to the 
participant to decide. It was expected that sleeper A would 
be placed near the centre of the length of simulated track to 
eliminate boundary effects in time domain models. This 
was the case for all but NUCARS™ in which sleeper A 
was located very close to the beginning of the simulated 
track; although the NUCARS™ participants believed this 
was not a problem, inspection of some NUCARS™ 
outputs suggests that the model was still influenced by the 
proximity of the track end boundary. The overall length of 
simulated track also varied amongst participants, from 
18.3 m to 122.0 m, as did the length of the time step 
adopted between increments of analysis, from 0.025 ms to 
0.2 ms.  
 
4.1  Vehicle Submodel Comparison 
 
The TRACK model represents the vehicle as a two mass 
system (‘dynamic wheel mass’ and ‘dynamic bogie mass’) 
separated by a primary suspension element. The DARTS, 
DIFF and SUBTTI models represent the vehicle by a 
single bogie with two wheel masses and a sideframe mass, 
including a primary suspension element but no secondary 
suspension elements. The NUCARS™ and VICT models 
represent the vehicle by using a carbody with two bogies, 
including primary and secondary suspension elements.  
 
All six models either assumed or adopted symmetry of 
loading about the track centreline. All components in all 
vehicle submodels were represented as rigid bodies with 
linear suspension elements.  
 
4.2 Wheel/Rail Interface Submodel Comparison 
 
The TRACK model operates in the frequency domain and 
is therefore incapable of simulating non-linear conditions. 
So, TRACK does not allow ‘lift-off’ of the wheel from the 
rail and assumes linear Hertzian contact between them. 
 
The DARTS, DIFF, SUBTTI and VICT are time domain 
models and allow non-linear Hertzian contact conditions. 
The ‘lift-off’ of the wheel from the rail is modelled by 
setting the tension stiffness of the wheel-rail Hertzian 
contact to zero. The wheel/rail contact in these models is 
represented by a single point with no consideration of the 
shape of the contact patch as it varies with contact force. 
 
NUCARS™ uses a ‘Real Time Wheel Rail’ contact model 
developed in-house at TTCI. The actual wheel/rail contact 
geometry was computed at each integration time step 
continuously during the simulation. The local deformation 
at the contact point of rail and wheel takes account of the 
contact geometry and contact forces.  
 
4.3  Track Submodel Comparison 
 
DARTS, DIFF, NUCARS™ and TRACK represent the 
track with a two-layer mass/elastic stiffness model 
including the rail and sleepers as the masses, and the rail 
pad and ballast as elastic springs. The SUBTTI model also 
uses a two-layer model together with an elastic half-space 
to represent the subgrade. 
 
The VICT model uses a three-layer model by 
incorporating ballast mass. The ballast mass blocks are 
interconnected longitudinally so that vertical deflection of 
one ballast block spreads via shear stiffness and damping 
to neighbouring blocks. 
d 
L 
Rail 
A  
Sleeper 
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DARTS, DIFF, NUCARS™ and TRACK incorporate both 
flexible rails and flexible sleepers, while SUBTTI and 
VICT have flexible rails and rigid sleepers. DARTS, 
DIFF, SUBTTI and TRACK all use Timoshenko beams to 
represent the rail; NUCARS™ and VICT use Euler beams. 
To model sleepers, DARTS, DIFF and TRACK also use 
Timoshenko beams; NUCARS™ uses Euler beams.  
 
The SUBTTI and DIFF models represent the rails and 
sleepers using a series of finite beam elements. The DIFF 
model uses eight beam elements for the rail per sleeper bay 
and three beam elements for each half sleeper. The 
SUBTTI model uses one beam element for the rail per 
sleeper bay and one element for the whole sleeper. 
SUBTTI is the only model that allows sleeper lift-off from 
the ballast. 
 
SUBTTI and NUCARS™ use a ‘Ring’ type model to 
simulate the rail end boundary conditions. This allows the 
model to represent a continuous loop simulating an infinite 
length of track. The other time domain models assume 
fixed end boundary conditions at the ends of the simulated 
portion of track. 
 
4.4  Surface Irregularity Comparison 
 
As mentioned previously, track design engineers typically 
specify a dip by its depth over a one metre gauge; 
benchmark participants were left to define the shape of the 
dip. Figure 2 shows the distinct variations in how the 
shape of the track dip was represented in each of the 
models. Although the same numerical value of dip was 
used in all models, the different joint shapes will have a 
significant effect on the forces developed in the system. 
 
Figure 2 
Comparison of Dipped Rail Joint Profiles 
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*The TRACK model profile shown is only for comparison of the change of angle in the dip. 
 
The DARTS and TRACK models use the classical cusp 
representation of a dipped joint [11] with a cosine function 
to describe the irregularity. As the TRACK model is a 
frequency domain model, the irregularity cannot be placed 
at a specific point along the track. Rather the curve of the 
dip appears over the entire length of the track with the 
change in angle at the dip being the most important 
characteristic. Figure 2 indicates that the joint angle for 
DARTS and TRACK is the same (14 milli-radians). Even 
though the severity of the TRACK joint angle change is 
correct, the gradual transition into the cusp dip creates a 
different overall force history from the other models as it 
lacks the significant change in shape over the specified one 
metre length of the irregularity. The shape of the transition 
into the dip also greatly affects the tendency for wheel lift-
off which the TRACK model is unable to represent.  
 
The NUCARS™ model uses a more complex exponential 
function to describe the cusp shape and as a consequence 
creates a higher change in joint angle. It is also important 
to note that because NUCARS™ was able to model both 
rails separately, the dip was placed on only one rail. All 
other models assumed symmetry about the track 
centreline, therefore implying a dip on both rails. 
 
The VICT model represents the track dip as a shape that 
would typically be used to describe shelling of the rail. It 
differs significantly from the cusp shape that is typically 
used as there is no change in angle at the centre point of 
the dip. 
 
The DIFF and SUBTTI models (“Others” in Figure 2) use 
straight lines to represent the dip. This profile has very 
distinct start, mid and end points, resulting in a 
significantly reduced angle change at the dip centre. 
 
5.  RESULTS 
 
Simulation outputs requested from participants included: 
wheel/rail contact force, rail seat force, sleeper bending 
moments at two locations and sleeper/ballast interface 
pressure [9]. The following sections provide a graphical 
representation of the results; a numerical comparison of 
the peak forces is presented later on in Table 4. 
 
5.1 Wheel/Rail Contact Force for Leading Wheel 
 
Figure 3 shows the results of the models’ simulations of 
wheel/rail contact force for the dipped weld. Although the 
overall shapes of and sequences of events in the plots in 
Figure 3 are similar, the peak contact forces range from 4 
to 9 times the quasi-static force.  
 
Figure 3  
Wheel/Rail Contact Force for Leading Wheel 
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The magnitudes of the peak contact forces relate 
approximately to the angle change at the dip of the profiles 
shown in Figure 2, in that the larger forces are associated 
with greater dip angles. An exception is the VICT model: 
it doesn’t represent the dip as a cusp shape but the 
approaching slope of the joint is very similar to the 
DARTS and DIFF models which may explain those 
models’ similar peak forces. The TRACK model simulates 
the dip as a continuous function over the entire length of 
the simulated track, so there is no free-fall motion of the 
wheel when entering the dip, leading to a lower peak 
contact force for TRACK. 
 
5.2 Rail Pad Force at Sleeper A 
 
The three graphs in Figure 4 illustrate how forces down 
through the track structure are simulated in each model. 
Figure 4 (a) zooms in closer to Sleeper A than in Figure 3 
to allow more detail for comparison with Figure 4 (b) and 
(c).  
 
Although the shape of the rail pad force plots shown in 
Figure 4 (b) are generally in good agreement with each 
other, the magnitudes vary by a factor of 3.  
 
When comparing the wheel/rail contact forces with rail 
seat forces, NUCAR™ has 49%, of rail force transmitted 
through to the sleeper followed by DIFF at 47%, VICT 
45%, DARTS and TRACK 37% and SUBTTI the lowest 
at 25%. These are significant differences. 
 
NUCARS™ reports a considerably higher rail pad force 
than the other models, in parallel with its high wheel/rail 
contact force. All models except NUCARS™ also show 
the rail pad going into tension after the wheel passes 
Sleeper A. NUCARS™ allows a realistic representation of 
the pad and fastener as separate elements, but the other 
models lump these elements into one elastic connection. 
 
The VICT model predicts the second highest wheel/rail 
force but doesn’t predict a high rail pad force. This would 
suggest that VICT forecasts a greater amount of high 
frequency P1 forces (>100 Hz) than mid frequency P2 
forces (30-90 Hz) in the system at the wheel/rail interface.  
 
5.3 Total Ballast Pressure on Sleeper A 
 
The total ballast pressure plots in Figure 4 (c) show peaks 
varying from 367 kPa to 508 kPa. It is interesting to note 
that in DARTS the total peak force applied by the sleeper 
onto the ballast is around 27% higher than the peak rail 
seat force, whereas the sleeper/ballast force for 
NUCARS™ is around 40% lower than the peak rail seat 
force. 
 
SUBTTI was the only model that allowed the sleeper to lift 
off the ballast; interestingly, SUBTTI predicts the smallest 
peak ballast Pressure. 
 
Figure 4  
(a) Wheel/Rail Contact Force for Leading Wheel 
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^ Distance marks = Sleeper Spacing (610 mm) 
 
(b) Rail Pad Force on Sleeper A 
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* TRACK model displays dynamic force only (no quasi-static force) 
 
(c) Total Ballast Pressure on Sleeper A 
-100
0
100
200
300
400
500
600
Time^ (ms)
To
ta
l B
al
la
st
 P
re
ss
ur
e 
on
 S
le
ep
er
 A
 (k
Pa
)
DIFF
SUBTTI
NUCARS
DARTS
Sleeper A
27.450 41.175 54.900 68.5250 13.725
 
^ Time marks = Time when wheel passes over a sleeper 
* TRACK model displays dynamic force only (no quasi-static force) 
 
5.4 Sleeper Bending Moments 
 
The rail seat sleeper bending moments shown in Figure 
5(a) on the next page, show Sleeper ‘A’ undergoing a 
significant sagging or downwards curvature when the 
wheel strikes the track dip. The DARTS, DIFF and 
TRACK models are in general agreement as to the 
magnitude of this positive rail seat bending moment, being 
between 15.6 and 16.8 kNm. During the wheel strike the 
centre of the sleeper undergoes hogging or upwards 
curvature. There is less agreement over this negative 
bending moment with a variation of up to 2.4 times.  
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In Figure 5 (b), the NUCARS™ model calculates a 
relatively complex response after the wheel strikes the 
track dip. Both the TRACK and DIFF models have in the 
past undergone credible validation against real track data 
so it’s possible that the reaction by NUCARS™ may be 
the result of the model’s use of an Euler beam to describe 
the sleeper element. It may also reflect the model’s placing 
the dip on one rail only which would imply some degree of 
sleeper rotation about the track longitudinal axis. 
 
DARTS and DIFF are similar in both graphs, though the 
rail pad force for DARTS in Figure 4 (b) is slightly less 
than that for DIFF, but the DARTS sleeper bending 
moment at the rail seat in Figure 5 (a) is slightly greater. 
The similarity of the TRACK peak rail seat moment to 
DIFF and DARTS is surprising considering that TRACK’s 
peak rail pad force was half that of the other two models. 
 
Figure 5 
(a) Bending Moment in Sleeper A at the Rail Seat  
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(b) Bending Moment in Sleeper A at the Centre  
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^ Time marks = Time when wheel passes over a sleeper 
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6. EMPIRICAL RAILWAY TRACK DESIGN 
 
Comparison of the benchmark results to traditional railway 
track design methods used by track engineers is important 
in assessing the degree to which the benchmark model 
responses may be acceptable to railway track design 
engineers.  
 
Track design engineers generally use formulas that 
determine peak track forces by applying various ‘dynamic 
impact factors’ that have been fine tuned on the basis of 
observation and experimentation on track structures. These 
formulas can be used to calculate the quasi-static and 
dynamic wheel/rail forces experienced at dipped rail joints.  
 
The Australian Standard AS1085.14 [12] is used locally 
for calculation of forces in prestressed concrete sleepers. 
The following sections compare AS1085.14 to the 
benchmark model outputs. A long term goal of the 
research associated with this project is to use a dynamic 
model to assist changing AS1085.14 from a working stress 
to a limit state design process. 
 
6.1  Traditional Design Force Calculations 
 
The dynamic impact factor is traditionally the basis for 
determining peak forces applied to the track. Various 
methods are available to determine this factor; however for 
dipped rail joint scenarios the wheel/rail contact forces are 
often estimated using the empirical formula developed by 
Jenkins et al [11]. AS1085.14 [12] states that the dynamic 
impact factor, or the ‘Combined Vertical Design Load 
Factor (j)’ shall be not less than 2.5 times the static wheel 
load without reference to any frequencies in that load 
spectrum.  
 
For comparison to the benchmark scenario (Table 3) the 
Jenkins Formula was used to calculate an empirical 
dynamic impact factor (j) of 3.6. 
 
The rail seat load may then be determined using the 
following formula (1) from AS1085.14 [12]: 
 
 
100
DFjQR ⋅=     (1) 
where: 
 R = Rail seat load (kN) 
 j = Combined vertical design load factor  
( ≥ 2.5) 
 Q = Static wheel load (kN) 
 DF = Axle load distribution factor 
 
The axle load distribution factor (DF) from AS1085.14 
[12] for rail sizes larger than 47 kg/m and for sleepers 
spaced at 610 mm is 0.52, which is typical of relatively 
stiff concrete sleepered track structures.  
 
The Standard then provides methods for calculating 
sleeper bending moments at the rail seat and at the centre 
of the sleeper and for calculating the maximum ballast 
pressure from the rail seat load. 
 
6.2 Dynamic Wheel/Rail Forces  
–  Models vs Traditional Design 
 
A summary of key values of output parameters from the 
six benchmarked models is provided in Table 4 on the 
following page, along with the corresponding parameter 
values from the empirical track design method. 
 
No empirical values were calculated for Output Parameter 
(A) wheel/rail contact force as the Jenkins Formula [11] 
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only calculates the mid frequency P2 force (30-90 Hz), 
which is of significance for below rail components only.  
 
As explained earlier, the large variation in the wheel/rail 
contact forces (A) calculated by the benchmark models 
shown in Table 4 was most likely due to the significant 
difference in the shape of the track dip adopted by the 
participants for each model.  
 
The VICT and SUBTTI models calculated rail pad forces 
(D) closest to the empirical results, with the NUCARS™ 
model indicating a rail pad force (D) of over two times the 
empirical value. TRACK results appear in Table 4, but 
except for wheel/ rail force, the values for TRACK are for 
dynamic incre-ment only. A proper comparison would 
require addition of a quasi-static force to the dynamic 
increments in the Table; these quasi-static forces are not 
easy to obtain for TRACK. 
 
The rail seat (E) sleeper moments determined by most 
models are 10-20% higher than the empirical value, with 
NUCARS™ much higher, due perhaps to its much greater 
wheel/rail force. Sleeper centre moments (F) from the 
models were around 50% greater than the empirical value 
except for TRACK. It may therefore be that the dynamics 
of the sleeper component may be playing a larger role in 
determining the centre bending moments than predicted by 
the empirical design approach.  
 
The SUBTTI model produced a ballast pressure (G) 
closest to the empirical results, compared to the other 
models which were up to 35% higher. However, if sleeper 
centre moments predicted by the empirical method are too 
low due to neglecting dynamic effects, it may be that the 
empirical ballast pressures may also be too low for the 
same reason.  
 
7.  CONCLUSIONS 
 
The purpose of the benchmark was to compare the outputs 
of a number of dynamic track models, with a view to 
establishing meaningful outcomes from the models as they 
would be used by track design engineers. In this context, 
‘meaningful outcomes’ are results of use to engineers for 
understanding how their track behaves. This also includes 
understanding the role of variations in track properties and 
of track and vehicle irregularities on track maintenance 
needs and lifespan. 
 
The models benchmarked have a wide range of complexity 
in underlying theory, construction of the models and the 
inputs required. In addition, the benchmark has shown that 
significantly different results may be obtained, depending 
on the assumptions applied to a particular track scenario. 
Even though a complete set of parameters was provided 
for each particular vehicle and track simulation, the 
participants were unable to produce the same results. A 
more exacting benchmark specification may have 
produced more similar results, but the intention of the 
benchmark again was to explore the models in a way the 
track design engineer may use the models. This is an 
important finding regarding how parameters are 
interpreted in models of track dynamic behaviour. 
 
Some reasons why it would be difficult to obtain the same 
results from different models with different users could 
include: the level of experience of the user and therefore 
the detail sought by the user when undertaking a 
simulation; the differing complexities and modelling 
methods; the number of different input parameters 
required; and the interpretation of the irregularities in the 
wheel and rail. 
 
Increasing complexity in a model tends to more variability 
in interpretation of input parameters and potentially less 
likelihood of meaningful results. Grassie [2] stated that 
increasing complexity may not produce increasing 
reliability because of all the unknowns in the system and 
their inherent variability. 
 
The paper compared the form, capabilities, operation of, 
and outputs from six models developed in six countries in 
this benchmarking exercise. NUCARS™ has the most 
complex vehicle subsystem of all the models, however 
VICT and SUBTTI have the most complex track 
subsystem. TRACK requires the least inputs, but generally 
hasn’t produced outcomes too different from the other 
models. TRACK nonetheless has inherent limitations (eg 
linear wheel/rail interface and lack of irregularities 
available for modelling) and is constrained to the 
frequency domain.  
 
Table 4 
Comparison of Output Parameters for Benchmark Models 
OUTPUT PARAMETER 
 U
N
IT
S 
E
M
PI
R
IC
A
L
 
ba
se
d 
on
 
A
S1
08
5.
14
 
D
A
R
T
S 
D
IF
F 
N
U
C
A
R
S™
  
SU
B
T
T
I 
TR
A
C
K
 
V
IC
T
 
A – wheel/rail contact force kN - 338.9 293.3 456.5 259.7 194.2 338.4 
D – rail pad vertical force kN 105.0 126.1 140.3 227.2 118.5 73.0* 87.5 
E – rail seat sleeper moment kNm 14.3 16.8 15.6 36.1 - 16.0* - 
F – sleeper centre moment kNm -9.1 -15.2 -13.7 -22.3 - -9.3* - 
G – ballast pressure kPa 385.1 508.2 466.9 433.7 367.2 - 452.5 
* Dynamic Increment only 
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DARTS and DIFF are fairly similar and are less complex 
than all but TRACK, but produced results which compared 
well with the others and with the empirical design method. 
 
The models’ results were compared to a traditional 
empirical method. The latter is typical of such methods in 
that they profer a very blunt and coarse approach to track 
design which cannot allow for many of the complexities 
and interactions within vehicle and track behaviour. 
However, such methods are widely used and have a lot of 
credibility amongst track design engineers. A great deal of 
work has been done comparing outputs with actual track 
data to both calibrate and validate the traditional approach. 
Many millions of kilometres of track designed by such 
methods around the world have stood the test of time well. 
So it is reasonable to use the approach as a yardstick by 
which the dynamic models have been evaluated in terms of 
whether they are producing meaningful results.  
 
Most models produced results comparable to the empirical 
method; NUCARS™ was consistently the most different. 
Where there were general differences compared to the 
empirical approach, it may be because the latter was not 
accounting for dynamic effects. Furthermore, the empirical 
approach can not be applied to a range of track and vehicle 
defects, and can only deal with conventional track types. 
Thus such an approach can not be used for innovative 
track design. The use of analytical models overcomes 
these obstacles. 
 
The benchmark exercise reported here was limited to only 
one vehicle type and one track type, so definitive 
conclusions cannot be made at this time about the models 
benchmarked. A second benchmark is underway at the 
time of writing that compares model outputs against real 
track force and acceleration data in a more realistic 
assessment of the models’ capabilities, with the aim of 
model validation. 
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